INTRODUCTION
The value of having a sensor capable of monitoring the progress of carbon-carbon fabrication has been previously discussed and continues to be an attractive objective [1, 2] . Acoustic emission, when correlated with gas evolution and temperature profile, has been shown to give a strong indication of the internal stresses produced during pyrolysis and the path taken to achieve stress relief under varying process conditions. A challenging aspect of the process is the high temperature at which in situ sensors must function. Distributed physical proximity to the part under fabrication is critical to insure that the data reflects the material condition in real-time.
Acoustic emission is a direct measure of the stress relief paths occurring, and therefore an indicator of the internal state of the material. A currently successful technique is the embedment of acoustic waveguides in the specimen, extending through the retort wall to a more benign environment where conventional piezoelectric transducers can measure the intensity and frequency of stress relief induced microcracking noise. This is not perceived, however, as a definitive solution to in situ process monitoring and control. A philosophy becoming increasingly popular refers to the innovation of smart materials and structures -in which sensors are embedded to measure and control dynamic behavior of structural components under changing conditions. According to this definition, sensors, e.g., for acoustic emission cited above, are ex situ, and not well suited to permanent incorporation in structural materials.
The use of optical fibers for sensing various properties of materials during both the fabrication process and the operational lifetime of the structural component into which it is cast is readily accepted as consistent with the philosophy of smart structures and materials. This paper reports on early studies of the use of fiber optical time domain reflectometry as a tool for evaluating the compatibility of optical fibers with the thermal environment corresponding to carbon-carbon pyrolysis.
OPTICAL TIME DOMAIN REFLECTOMETRY
Optical time domain reflectometry (OTDR), as applied to fiber optic sensing, has been described by Claus et al [3] , Kingsley [4] , Schoenwald et al [5] York, 1990 and propagates through a medium -in this case, an optical fiber. Return signals from the medium arise from two principal sources: (1) scattering from impurities and material dimensional or compositional variations (Rayleigh backscattering), and (2) reflections from optical discontinuities (fresnel reflections). Both return signals are proportional to the peak energy in the forward pulse. For Rayleigh backscattering, the reflected signal is also proportional to the pulse width. Optical fibers can be used as either intrinsic or extrinsic sensors in a host structure (depending on the details of the design and implementation of the fiber sensor). By taking a careful account of these return signals, knowledge of the state of various properties of the host structure can be inferred.
This work addresses primarily the robustness of the fiber under conditions of highly elevated temperature, and leaves to later work an examination of sensor performance embedded in structural materials.
FIBERS AND COATINGS
One type of optical fiber was examined in these experiments: they are commercial grade, multimode, step index, with a 50 micron core diameter and 125 micron silica glass cladding outer diameter.
Two types of coatings were investigated: acrylate and polyimide. The acrylate coated fiber (Valtec Inc.) has a jacket outer diameter of 500 microns. The polyimide coated fiber (Fiberguide Industries) has an outer diameter of 140 microns. Acrylate coatings have an effective upper temperature use limit of 85° C, while polyimides are usable up to about 300° c [6] .
EXPERIMENT
Optical fiber transmission characteristics have been studied for temperatures up to 1000° C. Measurements have been made on commercial grade multimode communications fibers coated with acrylate and polyimide. Each type of fiber was threaded through aU-shaped quartz tube to provide ingress and egress from the same end of the furnace. The radius of curvature of the U was 0.5 inch. The measurement technique used was optical time domain reflectometry. Changes in transmission characteristics result in energy changes reflected from the discontinuities at either end of the fiber. With this method it was possible to observe changes in the transmission characteristics of the fiber as a function of position, e.g., specifically in the section of the fiber within the furnace at the U-turn. The acrylate coating first melted. Both coatings eventually vaporized. Microcracking and eventual failure of the acrylate coated fiber occurred in the 765° to 800° C range.
The acrylate coated fiber was tested using an OIDR capable of both Rayleigh backscattering and fresnel reflection detection (Laser Precision). The limited spatial resolution permitted by this instrument (approximately 5 meters) necessitated that 25 meters of delay line both precede and follow the the segment of fiber within the furnace.
Qualitatively, the observed effects are illustrated in Figure 1 . The initial waveform shows fresnel reflection spikes at the beginning and end of the backscattered signal. The slowly decreasing signal is due to Rayleigh backscattering. The time-length of the trace is proportional to the length of the fiber. Above 350° C, a reflection spike appeared in the reflection signal at a point corresponding to the section of fiber within the furnace. A corresponding drop in Rayleigh backscattering occurs as the apparent discontinuity grows in size. After three hours at temperatures in the range 765-800 degrees Centigrade, a reflection peak corresponding to the portion of fiber in the furnace began to appear. Over the next twelve hours residual backscatter and the reflection peak, corresponding to the length fiber following the segment in the furnace, disappeared completely. The result was interpreted as the initiation and propagation of microcracks in the segment of fiber exposed when the buffer coating was burned away, as shown in Figure 2 . No longer protected by jacket material, the fiber becomes fragile and is subject to initiation and propagation of microcracking. As the crack propagates through the core region of the fiber, the discontinuity in OTDR signal increases. The crack was observed to propagate slowly through the fiber over a period of hours during which the temperature continued to rise, and was not a sudden effect. Degradation of optical characteristics in the straight portions of the heated fiber was not noticeably observed using the Laser Precision Instrument, but more precise through transmission measurements are warranted. This has implications for the design and use of embedded optical fibers as sensors in high temperature refractory composites such as carbon-carbon.
In the second phase of the investigation -testing polyimide coated fibers -a picosecond (mm resolution) OTDR was installed. This eliminated the need for long buffer lengths of fiber to sort our effects spatially. The nature of the reflected signals is different, however; only fresnel reflections from discontinuities can be observed. Since the tail of the fiber exits the furnace and is not affected by temperature, measuring the amplitude of the fresnel reflection peak from the tail gives an indication of propagation attenuation due to thermal effects occurring along the rest of the fiber. Microcracking would also be observable as a time resolved peak.
A polyimide coated fiber survived to 1000° C with a noticeable increase in attenuation observed at high temperatures, which disappeared upon return to room temperature. Because the coating had ashed away, the fiber became brittle, but only failed when removal from the quartz U-tube was attempted.
The experimental arrangement is illustrated in Figure 3 Figure 5 contains oscillographs of fresnel reflections (1) at the beginning of the experiment (room temperature), (2) at 1000° C, (3) after return to room temperature, and (4) after the attempted removal of the fiber from the quartz U-tube. No intermediate peak arose due to microcracking, as was expected (see Figure 4) . Upon removal from the furnace, however, the fiber length is shortened as the failure occurred, and a new reflection signal is evident at the point of failure. Figure 6 is a scanning electron microphotograph that shows that the fiber suffered an clean break, which correlates well with the strong fresnel reflection obtained, and which would be expected if the cleavage were normal to the fiber axis. Furthermore, the fiber has plastically deformed as a result of the softening of the silica at 1000° C and relaxation of stress generated by the curvature of the U-tube.
CONCLUSIONS
The optical properties of acrylate and polymide coated silica multimode optical fibers have been examined. As expected, the fiber coatings of each cannot survive the temperatures that are typical of carbon-carbon pyrolysis. At 1000° C the fibers become soft enough to permanently deform under stress. Optical time domain reflectometry has been used to make measurements of reflection and indirect measurements of attenuation of the fiber samples. As a measurement technique, OTDR appears promising as a means to characterize fibers for use as sensors in structural materials, particularly for refractory applications. At these temperatures sapphire optical fibers appear to offer more hope of survivability, but that the monitoring technique described here is promising.
